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FOREWORD 


This  is  the  first  quarterly  progress  report  on  the  work 
perfoned  by  Douglas  Aircraft  Conpany  under  BuShips 
Contract  R0b8-88k25  during  the  period  fron  6  March  1963 
to  6  June  1963  •  ^is  contract  is  a  12-month  research 
and  development  program  xinder  the  supervision  of  the 
Structural  Mechanics  Laboratory,  Code  733,  David  Taylor 
Model  Basin  with  Dr.  T.  Reynolds  acting  as  Technical 
Director. 

The  program  is  being  conducted  by  the  Solid  Mechanics 
Branch,  Missile  Research  Department,  Advanced  Missile 
Technology  Division  of  Douglas  Aircraft  Coopatny.  Major 
i^sponsibllity  for  the  program  resides  with  H.  R. 
Jacobson,  Study  Director,  assisted  by  F.  h.  Tokiro. 


ABSTRACT 


Hie  purpose  of  this  program  le  to  develop  and  prove 
out  a  theoretical  method  for  accurately  i>redictlng 
the  critical  buckling  strength  of  externally  pres¬ 
surized  cylindere  made  from  orthotropic  materials 
and  to  find  the  optimum  construction  of  filament 
reinforced  plastic  (FRP)  cylinders  under  such 
loading. 

A  description  of  the  program  and  its  significance 
to  the  overall  BuShips  Beep  Subnergence  program 
and  a  suiOBary  of  the  vork  acccapliBhed  to  date  and 
that  to  be  perfozmed  in  the  next  period  is  given. 
Theoretical  analytical  expressions  for  predicting 
elastic  buckling  collapse  and  elastic  constants  of 
FRF  cylinders  are  presented  and  discussed.  Results 
of  initial  buckling  and  discontinuity  stress  analysis 
of  proposed  test  cylinders  are  presenred. 
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1.0  DITRODOCTION  AJO  SUMMARY 


1.1  Background 

As  the  desired  depth  of  descent  for  deep  submergence  structures 
Increases  the  structural  velght  required,  using  currently  available 
materials,  greatly  increases  and  the  ability  to  cany  a  useful  pay- 
load  diminishes.  The  Bu  Ships  program  on  Filament  Reinforced  Plastics 
(FRP)  for  Deep  Submergence  Structure  Is  aimed  at  developing  this  prom¬ 
ising  llghtvelght  structural  material  for  long-time  compression  loading 
and  assessing  the  feasibility  of  Its  use  In  deep  submergence  applications. 
At  the  present  time  the  restilts  cf  these  programs  Indicate  that  the  short 
time  compressive  strength-weight  ratio  of  FRP  laminate  Is  superior  to 
those  for  available  steel  and  titanium  alloys  irtille  retaining  the  advan¬ 
tage  of  simplicity  of  fabrication,  especially  for  thick  wall  constructions. 

As  the  comnressive  strength  of  FRP  laminates  has  risen  during  the  course 
of  the  Bu  Ships  programs  it  has  pointed  up  one  of  the  more  Important 
design  aspects  of  externally  pressurized  structure  in  general  and  those 
fabricated  from  FRP  In  particular;  namely,  the  problem  of  elastic  In¬ 
stability  failure  or  buckling  collapse  of  shell  structures.  When  this 
type  of  failure  occurs  at  pressures  lower  than  those  required  to  produce 
compressive  stress  failure,  the  structure  required  Is  heavier  than 
necessary.  Theoretically,  for  most  efficient  utilization  of  materials, 
a  structure  should  be  designed  to  fall  by  buckling  and  compressive  stress 
simultaneously,  rather  than  by  either  one. 

In  actual  practice,  underwater  structxires  such  as  submarine  hulls  are 
designed  to  resist  buckling  loads  higher  than  those  needed  to  cause 
compression  failure. 

In  order  to  design  efficient  deep  submergence  structure  from  FP.P 
laminates,  a  method  Is  needed  for  accurately  predicting  collapse 
pressure.  In  addition.  If  "'Inlnrum  weight  structures  ere  required,  a 
method  Is  needed  which  will  optimize  the  structural  parameters  of  the 
design  with  respect  to  weight.  Development  of  such  methods  for  FRP  is 
complicated  by  the  orthotropic  and  in  some  cases  non-homogeneous  nature 
of  the  laminates.  Because  of  the  complexity  of  developing  methods  of 
analysis  for  orthotropic  materials,  methods  developed  for  isotropic 
materials  are  currentiy  extensively  used  to  predict  buckling  collapse. 

Use  of  such  methods  generally  result  in  considerable  error  in  design 
and  does  not  permit  the  selection  of  the  most  efficient  structural 
arrangement . 

Development  of  theoretical  analytical  methods  for  FRP  structures  has 
been  underway  at  the  Dotiglas  company  for  some  time.  Independent  research 
and  development  programs  have  developed  preliminary  analytical  treatments 
for  the  prediction  of  the  collapse  pressure  for  monocoque  FRP  cylinders 
under  external  pressure. 

1.2  Program  Plan 

Obe  pumone  of  this  program  Is  to  develop  and  prove  out  a  theoretical 
method  for  accurately  predicting  the  buckling  strength  of  externally 
pressurized  orthotropic  cylinders  such  as  those  constructed  of  FRP.  In 
addition,  the  optimum  laminate  construction  or  laj-up  pattern  for  buckling 
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resistance  will  be  determined  and  weight  efficiencies  of  various  types 
of  laminate  constructions  will  be  compared. 

The  program  can  logically  be  divided  Into  ^.hree  (3)  main  phases 

1.  Theoretical  and  lie  sign  luase 

The  preliminary  theoretical  methods  developed  by  Douglas 
will  be  used  as  a  basis  for  the  develoximent  of  em  accvirate 
buckling  prediction  method.  The  existirur  analysis  will  be 
revised  and/or  extended  as  indicated  by  additional  studies 
and  by  test  results.  As  a  part  of  this  ihase  the  detail 
design  and  analysis  of  small  (6”  ID  x  12”  long)  cylinders 
to  be  tested  in  Fbsse  2  will  be  performed.  Figure  1  and 
Table  1  from  reference  (l)  show  details  of  the  types  of 
constructions  to  be  used  as  well  as  the  predicted  strength 
of  possible  configurations  of  these  laminate  types.  Shown 
on  the  cxirves  are  points  which  have  been  selected  for  test 
substantiation  of  theoretical  buckling  pressures.  All  but 
two  of  the  test  cvlinc'ers  will  be  designed  to  ensure  buckling 
failure.  The  two  highsst  bucklir^  strength  constructions 
will  be  Incorporated  Into  thick  wall  cylinders  designed  to 
determine  their  compressive  strength. 

2.  Fabrication  and  Test  r^ase 

Two  cylinders  each  of  the  eleven  different  configurations 
(A-L)  shown  In  Figure  1  will  be  fabricated  and  tested  to 
collapse  under  external  hydrostatic  pressure.  The  elastic 
constants  of  the  cylinders  and  t>ie  relationships  between 
then  will  be  determined  during  testing  as  well  as  collapse 
pressures  and  compared  with  the  theoretically  determined 
values.  After  nil  configurations  neve  teen  tested  and  the 
analysis  methods  provec  one  specimen  each  of  the  optimum 

construction  and  a  high  buckling  strength  alternate  construc¬ 
tion  (preliminarily  shown  as  3  and  E)  will  be  fabricated  and 
tested  to  buckling  failure  and  one  thick  wall  specimen  each  of 
these  constructions  (preliminarily  shown  as  M  and  N)  will  be 
fabricated  and  tested  to  determine  ultimate  compressive  strengths. 

A  total  of  twenty-six  (26)  cylinders  will  be  fabricated  and 
tested. 

Figure  2  shows  the  newly  revised  program  schedxxle.  The 
fabrication  and  testing  is  devlded  into  four  sub-phases  with 
the  following  breakdown; 

1.  Group  I  Cylinders  -  Configurations  A,  B,  C  and  D  -  2  each 

2.  Group  II  Cylinders  -  Configurations  E,  F,  G  and  H  -  2  each 

3.  Group  III  Cylinders  -  Configurations  J,  K  and  L  -  2  each 

U.  Group  IV  Cylinders  -  Optimum  construction  and  high 

buckling  strength  alternate  with  compressive  strength 
test  specimens  of  each-tentatlvel:/  chosen  as  configur¬ 
ations  B,  E,  M  and  N  -  1  each 

Materials  to  be  used  will  be  Identical  to  those  used  in  other 
Bu  Ships  programs  with  the  exception  that  Douglas  collimated 
pre-preg  tapes  will  be  fabricated  and  used  In  this  program 
instead  of  the  commercially  available  pre-preg  tape  cxirrently 
being  used  by  other  contractors. 


3.  Data  Reduction  and  Report  Phase 

!nilB  la  a  contlnuliig  effort  carried  on  eonciirrently  vlth 
the  naln  efforts  of  the  program  and  vlU  Include  monthly, 
quarterly,  and  final  repoirta,  aa  veil  aa  a  special  report 
outlining  the  theory,  teat  data  and  eoaiparlson  vlth  theory 
of  the  vork  performed  In  Itiaae  1  and  2  above.  All  test 
data  and  eonparlaon  vlth  theoretical  predictions  vlU  also 
be  reported  In  regular  reports  aa  soon  as  It  becones  available. 

1,3  of  Work  Acconpll^ed 

Although  this  contract  Is  to  run  frcn  6  March  1963  to  6  March  19^t 
a  formal  contract  vas  not  received  by  the  Douglas  Company  until 
23  April  1963.  However,  authority  to  proceed  vas  received  by  the 
Study  Director  on  17  April  I963  and  vork  vas  started  Ijnaedlately 
thereafter.  1516  vork  accomplished  during  this  quarter  vas  there¬ 
fore  seriously  cuartalled.  A  new  schedule  vas  developed  which 
vlll  permit  completion  of  the  program  with  In  the  original  contract 
period  and  will  permit  completion  of  all  fabrication  and  testing 
work  by  January  1,  1964. 

The  work  accomplished  dtirlng  this  period  Includes: 

1.  Administrative  start-up  and  reschedule  of  the  program. 

2.  Design  of  fabrication  tooling,  release  of  tool  drawings 
and  ordering  of  tooling  materials.  Fabrication  of  the 
mandrels  for  test  cylinders  has  been  started  and  vork 
Is  ahead  of  schedule. 

3.  Theoretical  studies  on  the  buckling  prediction  method 
and  elastic  constant  equations  have  been  started.  Pre¬ 
liminary  analysis  of  the  proposed  test  cylinder  construc¬ 
tions  has  also  been  performed  and  some  results  are 
Included  In  this  report. 

4.  Analysis  of  the  discontinuity  stresses  expected  in  the 
ends  of  the  test  cylinders  due  to  test  fixture  restraint 
has  been  started.  Results  for  seme  of  the  test  cylinders 
are  Included  in  this  report. 

5.  Single  end  E-HTS  glass  rovings  for  fabrication  into 
Douglas  tape  of  twenty  (20)  end  E-HTS  glass  rovings 
for  vet  winding  of  helically  wound  test  cylinders  have 
been  ordered.  Fabrication  of  Douglas  collimated  tape 
has  been  stax^ed. 


2.0  THEORETICAL  STUDIES 


2. 1  Bucklinp;  theory 

The  equations  vhlch  are  the  theoretical  basis  for  the  proposed  buckling 
prediction  method  vere  derived  prior  to  this  program  under  Douglas 
Independent  Research  and  Development  programs  (2,  3,  4|  ,  However,  some 
changes  in  the  expressions  for  elastic  constants  as  a  result  of  testing 
prior  to  euid  analytical  work  performed  under  this  contract  have  resulted 
in  improved  expressions  for  some  of  the  elastic  constants  required  for 
use  in  the  buckling  equation. 

2.1.1  General 

The  analytical  determination  of  th'.»  critical  buckling  pressure  of  FRP 
cylinders  is  baaed  on  two  analyticf.l  tools.  The  first  is  a  matheitatical 
representation  of  the  deflection  of  the  cylinder  under  the  loads  placed 
on  it.  The  deflection  of  the  cylinder  is  controlled  by  the  elastic 
properties  (due  both  to  material  and  shape)  of  the  shell.  The  second 
tool  is  a  set  of  expressions  which  describe  the  elastic  properties  of 
FRP  laminates.  Due  to  the  orthotropic  and  nonhomogenous  nature  of  FPL* 
laminates,  expressions  describing  the  elastic  properties  are  complex 
and  can  be  different  for  each  direction  and  type  of  construction.  For 
this  reason,  approximations  and  expressions  based  on  isotropic  materials 
have  been  extensively  used  in  the  pest.  However,  as  will  be  shown  in 
the  following  discussion,  critical  buckling  loads  of  orthotropic  cyllnderc 
are  very  sensitive  to  variation  or  error  in  the  elastic  constants  and 
stiffness  of  the  laminate. 


In  FRP  laminates,  both  the  modulus  and  moment  of  inertia  of  the  con* 
struction  can  vary  fairly  widely.  The  modulus  of  ary  particular  layer 
is  a  function  of  resin  content  and  fiber  and  resin  elastic  properties. 

The  moment  of  inertia  or  'conf igurational"  stiffness  is  a  function  of 
thickness  and  arrangement  of  all  the  individual  layers  within  the  wall 
thickness.  This  latter  affect  means  that  flexural  stiffness  and  therefore 
buckling  strength  of  the  cylinder  cein  be  different  even  for  two  hoop  to 
axial  layup  pattems  which  have  the  same  proportions  and  which  therefore 
should  have  identical  extenslonal  stiffness  and  compressive  strength. 

2.1.2  Derivation  of  Buckling  Equation 

Based  on  a  small  deflection  theory  for  buckling  of  orthotropic  cylindrical 
shells  by  Stein  and  I^ers  (5!  "the  equilibrium  condition  for  a  cylinder 
under  arbltraary  loading  is  given  by  the  following  differential  equation  [2] 
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The  B's,  D*s,  G’s  and  u's  are  elastic  constants  of  the  cylinder  defined 
under  nonenclature. 

The  cylindrical  shell  under  extijmal  hydrostatic  pressure  or  external 
radial  pressxire  esdilblts  four  ranges  of  buckling  behavior,  l)  The 
lower  limit  corresponds  to  the  short  cylinder  region.  Hie  behavior  in 
this  rerion  is  similar  to  flat  plate  buckling,  nils  type  of  behavior 
is  t:/plcal  of  isotropic  cylinders  of  short  length  or  orthotropic  cylinders 
with  a  very  high  circumferential  bending  stiffness.  2)  H.e  transition 
range  covers  the  region  between  the  long  and  short  cylinder  range  and 
represents  an  interaction  of  the  two  buckle  modes.  3)  The  long  cylinder 
rpiige  represents  cylinders  of  moderate  length  and/or  moderate  circuafer- 
ential  bending  stiffness.  The  buckle  mode  consists  of  one  half  wave  in 
the  longitudinal  direction  and  arny  waves  around  the  circumference  of  the 
cylinder.  U)  The  upper  bound  of  buckllnr  behavior  is  represented  by  the 
very  long  cylinder  which  buckles  into  two  circumferential  waves  similar  to 
a  ring,  ^or  purposes  of  this  nrogram,  only  the  long  cylinder  range  wlli 
be  considered. 


Equation  (l)  can  be  solved  for  the  case  of  a  long  cylinder  under 
external  hydrostatic  pressure  (Figure  3)  by  setting  >  N^2  and 
assuming  a  displacement  function  v  «  sin  sin 

Ihe  general  solution  is  shewn  in  Appendix  A  for  both  radial  and  hydro¬ 
static  pressures.  Besults  for  both  types  of  loading  result  in  the 
Identical  expression  for  the  critical  buckling  pressure; 
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is  a  curvative  parameter  which  defines  the  buckling  range  for  long 
cylinders  and  includes  affects  of  both  curvative  and  stiffness  oi  the 
bvickling  mode  of  the  cylinder  and, 
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and  fiy^  are  the  extenaional  elastic  moduli  and 


Polaaon'a  ratios  of  the  1th  layer  and  are  given  In  Appendix  B. 

Layers  1-1  throu^  1  -  n  can  be  composed  of  circumferential  or 
hoop  vraps  (H)  ,  axial  or  longitudinal  wraps  (L)  ,  or  helical  wraps 
(RW;  of  fiber  and  resin  coaposlte  layers. 

The  assunqptlons  made  In  deriving  equation  (2)  are  that  the  shell  Is 

thin  walled  so  that  terms  containing  (p)  can  be  neglected,  that 

there  are  many  waves  In  the  hoop  direction  so  that  the  approximation 
(n^-l)  %  n^  can  be  made  where  n  is  the  nioaber  of  half  waves  in  the 
clrcuBtferentlal  buckle  pattern,  that  the  ratio  of  axial  to  circum¬ 
ferential  wave  length  Is  large  compared  to  unity  In  order  that  only 
higher  order  terms  Involving  the  buckle  aspect  ratio  need  be  re¬ 
tained. 

The  significance  of  this  equation  is  that  It  shows  there  are  two  dif¬ 
ferent  types  of  stiffness  i^ich  affect  the  critical  buckling  pressure 
of  the  cylinder  (axial  extenaional  stiffness,  B  ,  and  hoop  bending 
stiffness.  By)  and  they  affect  the  buckling  strength  to  differing 
degrees.  Therefore  two  cylinders  of  the  same  dimensions,  weight  and 
ratio  of  hoop  to  axial  layers  can  have  different  buckling  strengths 
if  the  placement  or  arrangement  of  these  layers  is  such  that  different 
hoop  bending  stiffnesses  restilt.  Furthermore,  examination  of  the  eq¬ 
uations  for  the  elastic  coitstants  of  the  laminates  (Appendix  B)  show 
that  different  proportions  of  glass  and  resin  and  differing  elastic 
constants  for  the  basic  Ingredients  of  glass  fiber  and  resin  will  also 
affect  the  buckling  strength  of  otherwise  Identical  cylinders.  Hence, 
the  Isqportance  of  knowing  within  close  limits  the  elastic  properties 
and  proportions  of  the  materials  going  into  the  fabrication  of  FRP 
laminates . 

Using  equation  (2),  a  number  of  different  types  of  FRP  laminate  ar¬ 
rangements  for  equal  weight  cylindrical  constructions  have  been  checked 
for  comparative  biickling  strength  in  Reference  |  3  j.  Figure  U  shows  the 
types  of  constructions  cuuQ.yzed  which  have  been  selected  for  inclusion 
In  this  program.  Figure  1  shows  the  relative  buckling  strengths  ob¬ 
tained  for  varying  proportions  of  hoop  to  axial  laminates  for  these 
constructions.  In  this  flg\ire,  all  buckling  pressures  are  conpared  to 
the  construction  showing  the  highest  strength.  The  analysis  was  per¬ 
formed  for  a  given  glass  to  resin  volume  ratio  (2:1  or  A  =  67^  glass 
by  volume)  and  a  given  ratio  of  resin  to  glass  elastic  moduli 

^Ig  resulting  curves  clearly  indicate  the  relative  ef¬ 

ficiency  of  each  type  of  construction  In  resisting  buckling  failtire 
and  also  indicates  the  particular  configuration  of  each  typr  •  .ich 
results  in  the  highest  buckling  strength. 


It  should  be  stressed  here  that  this  analysis  involves  only  the 
elastic  buckling  strength  of  the  cylinder  and  makes  no  assessment 
vhatever  concerning  the  materials'  ultimate  compressive  strength. 

2.2  Elastic  Constants 


As  indicated  in  the  preceeding  sections,  accurate  expressions  are  re¬ 
quired  for  the  elastic  constants  of  the  laminate  if  accurate  predic¬ 
tions  of  the  buckling  pressure  of  the  cylinder  are  to  be  made.  The 
preliminary  wrk  preceeding  this  program  includes  the  derivation  of 
mathematical  representations  of  the  elastic  constants  of  individual 
layers  of  FRP  [4]  and  multiple  layer  constructions.  Appendix  E  shows 
the  results  of  this  work.  However,  these  expressions  are  based  on  as¬ 
sumptions  and  sin5>lified  models  in  order  to  sinplify  the  derivations. 
The  results  of  Douglas  test  pirogrnms  aimed  at  substantiating  the  ac- 
etiracy  of  these  expressions  has  indicated  significant  differences 
between  theoretical  and  test  results  for  some  of  these  expressions. 

The  initial  theoretical  stvidies  performed  under  this  contract  include 
a  review  of  the  assumptions  made  and  the  models  used  in  the  derivation 
of  the  expressions  for  the  moduli  of  elasticity  and  Pcisson's  ratios 
of  unidirectional  laminates.  The  studies  have  thus  Teut  resulted  in 
Inproved  expressions  for  the  transverse  compression  and  shear  modulus, 
Eqi  and  bsised  on  an  improved  model  representing  the  FRP  laminate. 
Figure  5  shows  the  original  and  improved  models  and  the  resulting  ex¬ 
pressions  for  longitudinal  and  transverse  moduli. 

The  models  used  in  Figure  5  ore  siiiq>lified  in  order  to  siii5>lify  the 
derivation,  using  in-line  square  fibers  (of  eqiiivalent  area)  in  place 
of  the  actual  conditions  of  round  fibers  and  something  approaching  a 
hexagonal  packing  arrangement.  If  significant  unaccoxanted  for  dis¬ 
crepancies  continue  to  be  found  between  theoretical  and  tes*  values 
of  the  elMtic  constants  eufter  these  revisions,  it  may  be  necessaiT’ 
to  revise  the-nodel  again  to  bring  it  into  closer  agreement  with  actueLL 
conditions . 


3.0  TEST  CttlMDER  DE3IGH 


3*1  Buckling  Considerations 

Since  the  primary  purpose  of  this  program  Is  to  develop  a  buckling 
prediction  method,  all  test  cylinders  of  the  various  constructions 
are  being  designed  to  Insure  buckling  failure  except  for  the  cylinders 
vhich  vlU  check  the  conqpressive  strengths  of  the  two  high  buckling 
strength  constructions  mentioned  previously.  All  the  cylinder  con¬ 
figurations  Indicated  by  letters  A  through  L  In  Figure  1  have  been 
selected  for  test  to  buckling  collapse  under  external  hylrostatlc 
pressure.  In  order  to  ob't’aln  failures  without  excessive  Influence 
from  thick  wall  stresses  an  ^  ratio  of  20  has  been  selected.  In  order 

to  insure  that  all  cylinders  are  In  the  "long  cylinder"  range  as  de¬ 
fined  by  the  Zy  or  cxirvature  pcurameter,  a  test  length  of  at  least  10 
Inches  has  been  chosen.  Table  2  shows  the  resitlts  of  the  buckling 
analysis  on  the  test  configurations.  Values  of  Zy,  theoretlcsd  buck¬ 
ling  pressxire,  relative  buckling  strength,  and  average  hoop  stress  of 
each  of  the  configurations  to  be  tested  sure  included.  These  values 
are  based  on  the  following  dimensions  and  physical  properties  for  all 


the  cylinders 

and  their  construction: 

I.D. 

= 

6.000  in. 

t 

s 

0.150  in. 

1 

= 

10.5  in.  (unsupported  length) 

h 

= 

6Ti>  glass  by  volume 

®r 

= 

500,000  psi  =  0.36 

= 

10.0  x  10^  psi  fi  ^  =  0.2 

3.2  Discontinuity  Stresses 


The  external  pressure  test  fixttire  which  will  be  used  in  this  program 
makes  use  of  steel  end  fittings  which  perform  the  functions  of  loading 
the  cylinder  axially,  providing  the  seal  against  external  pressure  emd 
maintaining  the  circularity  of  the  ends  of  the  cylinder. 

The  last  function  is  of  special  interest  in  the  design  of  the  test  cy¬ 
linders  since  the  "pltig"  ends  of  the  fixtures  perform  this  task  by 
preventing  all  radial  deflection,  uniform  and  non-uniform.  This  re¬ 
straint  IndTJces  local  discontinuity  stresses  in  the  ends  of  the  cylinder 
which  could  cause  strength  failure  by  exceeding  either  the  axial  com¬ 
pressive  strength  or  the  shear  strength  of  the  cylinder  wall  In  the 
axial  direction.  The  latter  type  of  failure  has  been  reported  for 
thick  wall  cylinders  tested  by  some  of  the  contractors  involved  in 
the  various  BuShlps  FFB  program  and  stems  from  the  relatively  low 
shear  strength  of  FRF  laminates. 


In  order  to  assxire  test  cylinder  designs  which  will  fail  by  buckling 
only,  cylinders  are  being  designed  to  avoid  hl^  discontinuity  stresses 
at  the  test  fixture.  Since  the  buckling  test  cylinders  are  relatively 
thin  and  the  wall  stress  at  buckling  collapse  relatively  low,  radial 
deflection  due  to  mentorane  stresses  would  normally  be  low,  therefore, 
end  discontintilty  stresses  caused  by  the  plxig  restraint  would  also  be 
low.  However,  due  to  the  variation  of  cylinder  construction,  some  of 
these  cylinders  may  be  critical  at  the  ends.  The  thick  walled  ver¬ 
sions  of  the  two  highest  buckling  strength  constructions, to  be  tested 
later  in  the  program  for  con?>ressive  strength,  are  expected  to  present 
definite  end  sheau:  problems. 

An  analysis  is  therefore  being  performed  on  all  cylinder  configurations 
to  determine  these  stresses.  This  analysis  is  based  on  a  technique  for 
determining  dome  to  cylinder  discontinuity  stresses  in  PRP  motor  cases 
developed  at  Douglas  [6]  .  The  cylinder  ends  are  assumed  to  be  com¬ 
pletely  restrained  against  radial  deflections  and  rotations.  This  con¬ 
dition  results  in  the  highest  moment  and  shear  loads  on  the  cylinder 
and  conservatively  represents  the  actual  conditions. 

Table  3  sliows  the  maximum  moment,  maximum  shear  loading,  "composite" 
or  average  stresses  on  the  cylinder  wall,  maxlisum  laminate  and  "local" 
stresses  at  significant  locations  through  the  cylinder  wall,  for  con¬ 
structions  checked  up  to  this  time. 


k,o  Kfflaicmca 

1^.1  Tooling 

Special  mandrels  vlth  auxiliary  fixtures  have  been  designed  for  the 
fabrication  of  the  test  cylinders.  The  design  of  these  mandrels  vas 
based  on  the  following  cbjectives: 

1.  Sufficient  length  to  fabricate  both  test  cylinders  for  each 
configuration  and  a  nvnber  of  short  rings  for  miscellaneous 
physical  and  mechanical  tests  at  one  time  and  vith  a  mini¬ 
mum  of  variation. 

2.  Internal  heating  capacity  to  provide  elevated  temperature 
winding  operations  and  cure  of  cylinders  from  the  inside  vith 
a  minimum  of  cost  and  elaboormte  equipment. 

3.  If  possible  without  a  costly  and  elaborate  system,  some 
provision  for  tensioning  longitudinal  filaments. 

U.  Dual  usage  of  the  same  mandrel  for  both  hoop  and  longi¬ 
tudinal  constructions  axtd  helically  wound  constructions. 

3.  Ease  of  cylinder  removal  after  cure. 

Figure  6  illustrates  the  Important  features  of  the  mandrel  construc¬ 
tion.  Two  (2)  such  mandrels  will  be  built  and  will  Share  a  cosmon 
coBanitator.  Provision  for  two  mandrels  will  allcw  winding  operations 
to  proceed  continuously  idiile  a  wound  cylinder  is  being  cured.  It 
will  also  allow  for  simultaneous  fabrication  of  hoop  and  longitudinal 
configurations  and  vet  wound  helical  configurations  in  different 
machines.  Due  to  the  tl^tness  of  the  revised  schedule  this  may  be 
necessary  to  complete  all  fabrication  and  testing  by  the  end  of  the 
calendar  year  if  any  delays  Should  arise. 

Internal  Chromalox  C-312  cartridge  heaters  are  stqpplled  with  power 
throng  the  shaft  mounted  commutator.  Temperature  control  is  accom¬ 
plished  by  the  internally  mounted  Chromalox  SA-301  thermostat.  Heat 
paths  are  provided  from  internal  heaters  to  outer  mandrel  Shell  by 
the  closely  spaced  aluminum  ribs  and  temperature  variation  between 
points  on  the  surface  is  expected  to  be  within  a  few  degrees.  The 
arrangement  allows  elevated  tenperature  winding  operations  and  cure 
from  the  Inside  to  be  accomplished  using  a  single  heat  source  and 
without  external  heating  apparatus  Which  might  interfere  vith  the 
technicianii  freedom  of  action.  The  arrangement  would  also  lend  Itself 
to  simple  step  curing  procedures  for  thick-wall  cylinders  should  stieh 
methods  be  advisable  in  the  future. 

The  grooved  end  fittings  are  designed  to  provide  tension  on  the  longi¬ 
tudinal  laminates  via  "overwrap"  hoop  windings  into  the  grooves.  This 
technique  has  been  successfully  applied  in  another  program  performed 


at  Douglas*  She  flttlags  viU  also  ba  used  to  aide  In  the  removal  of 
the  cylinder  frcm  the  mandrel.  These  fittings  viU  be  removed  and 
reDlaeed  with  "dumfly"  dcmes  provided  vith  cut-off  slots  vhen  the  man¬ 
drel  is  used  for  the  y«t  vinding  of  helically  wound  cylinders. 

To  reduce  possible  cylinder  removal  prchlems,  the  cylinder  is  con¬ 
structed  of  a  thick  vail  (1")  almnintan  tube  and  machined  to  provide  a 
slie^tly  tapered  diameter  from  one  end  to  the  other.  The  taper  is 
not  e^qmeted  to  affect  the  buckling  strength  of  the  cylinders  or  inter¬ 
fere  vith  the  test  proeedture.  A  fine  surface  finish  and  the  use  of 
teflon  parting  eoBqpound  viU  also  aid  in  cylinder  removal. 

Dwing  the  IsMt  quazter,  the  detail  design  of  these  mandrels  vas  com¬ 
pleted,  drawings  were  released,  materials  were  ordered  and  received 
and  fabrication  vork  vas  begun.  The  mandrels  are  scheduled  for  com¬ 
pletion  by  late  June. 

U.2  Test  Cylinders 

All  test  cylinders  except  helically  wound  configurations  will  be  fabri¬ 
cated  from  Douglas  collimated  pre-preg  tapes.  Figure  7  lUixstrates 
some  of  the  tape  and  vinding  details. 

Due  to  anticipated  scheduling  problems  on  the  tape  waking  machine  dur¬ 
ing  the  next  period,  fabrication  of  tapes  for  this  program  has  been 
started  during  this  quarter  using  materials  borrowed  from  stocks  on 
hand.  Tapes  vlU  be  stored  under  refrigeration  until  needed.  Fabri¬ 
cation  of  test  cylinders  will  begin  as  soon  as  mandrels  are  available. 


5.0  OOTLDB  Of  ITOIRE  MCWC 


A  brief  suwery  of  voxic  ecbeduled  for  the  next  quarter  follovs: 

1.  Iheoretleel  Sttidlee  end  Test  Cylinder  Deaten 

e.  Farther  review  of  the  esstnqptlons  aede  and  aodele  used  to 
derive  anelytleel  expressions  In  the  prellalnery  studies 
will  be  aede.  Coaperlson  of  theoretical  valws  of  elas- 
tie  constants  with  eontlnulne  eoapany- funded  test  prograas 
and  vlth  cylinders  fabricated  In  this  period  will  be  aade. 

b.  Detail  design  of  cylindrical  test  speciaens  vlU  be  eoa- 
pleted  and  fhbrleatlon  drawings  released. 

c.  Buckling  and  dlseonlnuity  stress  analysis  for  the  test 

_ _  cylinders  will  be  eoapleted. 

2.  Tbollng 

Fabrication  of  aandrels  and  auxiliary  equiiSKnt  will  be  eoa- 
pleted  and  sa^ile  windings  aade  to  cheek  out  the  aandrels. 

3*  Douglas  Pre-preg  Tiape 

Ftbrlcatlon  of  sufficient  Douglas  coUiaated  pre-preg  tape  to 
coaplete  the  prograa  will  be  ccaqplated.  Tiape  will  be  stored 
under  refrigeration  until  used. 

4.  Fabrication 

Faibzl.eatlon  of  Group  I  test  cylinders  will  be  cosqpleted  and 
Group  II  test  cylinder  initiated.  Group  I  cylinders  will  be 
Instruaented  In  preparation  for  hydrostatic  test. 

5.  Testing 

Resin  detexmlnatlon  and  alscellaneous  physical  property  tests 
on  ring  saaples  cut  from  completed  test  cylinders  will  be  per- 
foxved.  Ifo  hydrostatic  testing  of  cylinders  Is  scheduled  for 
this  period. 
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TABLE  2 


R£sui/rs  or  bucxliio  aiultsis 


OCmOUBATIOII 

X 

y  , 

(Ib/ln 

X  106) 

(lb/in2) 

A 

.Ul5 

1,970 

B 

.6172 

1,940 

C 

.8235 

1,620 

D 

1.0 

955 

£ 

.617 

1,590 

r 

.824 

1,178 

a 

.617 

l,l4o 

H 

.8235 

833 

j 

K 

.346 

1,320 

L 

.526 

875 

Z 

y 

®cr 

Per 

Per' 

(p«l) 

"“max 

‘V"  “T 
(pel) 

536 

740 

.93 

15,200 

638 

795 

1.00 

16,300 

806 

754 

.95 

15,500 

1,160 

530 

.67 

10,900 

706 

683 

.86 

14,000 

950 

388 

.74 

12,100 

843 

535 

.67 

11,000 

1,130 

455 

.57 

9,330 

582 

517 

.65 

10,600 

855 

422 

.53 

8,650 

(l)  Average  eoapoalte  hoop  atreaa  at  buckling. 


OP  Discoxmum 


AKALISIS 


K,  f  Hoops 


M _  (In/lb/in) 


Oon  (P«l) 

I 

(Ih/ln) 

^avg 

^(psi) 


-22,190 

266 

1,770 

2,660 

3,620 


27,600  -36,650 


-26,250 

311 

2,680 

2,9«iO 

3,8iiO 


•31,170 

350 

2,330 

795 


-31,230  -27,400  -28,460 

308  238  300 

2,050  2,190  2,000 

93 


2,400  2,210  I  3,280  3,000 


(1)  Tension  stresses  shoim  positive,  coaporession  stresses  sboim  negative. 

(2)  PriMs  refer  to  stresses  eoaputed  using  isotropic  equations,  e.g.,  o  > 
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Copg>letlon  of  Contract 


2  -  DISPERSED  COWSTRUCTIOH 


Kt  «  TOTAL  THICKNESS 
OF  HOOFS 

(l-K)t  -  TOTAL  THICKNESS 
OF  LONGITUDINALS 


3  -  HIGH  AXIAL  STRENGTH  (LONGITUDINALS  WITH  HOOPS  IN  CENTER) 


FIG.  4  TYPES  OF  LAMINATE  CONSTRUCTIONS 
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Flgur*  3  ~  ttalGlrvetlon  Laaimte  Models 


FIG  6  INTERNALLY  HEATED 


TAPE  WRAPPED  FIBERGLASS  CYLINDER 
CONSTRUCTION 


(Rtf  SM  42612) 


FIGURE  7 


APFKNDIX  A 


SOLUTION  OF  DIFFERENTIAL  EQUATION  FOR  BUCKLING  OF  ORZBOTROPIC 
CYLINDERS  UNDER  BCTERNAL  PRESSURE 

The  buckling  equatx>ne  for  an  orthotropic  nonocoque  cylinder  are  derived  belov.  Also 
a  stiffened  cylindrical  shell  under  external  pressiire  aay  be  considered  M  ortho¬ 
tropic  shell  provided  buckling  occvurs  across  several  stiffeners.  The  aethod  of 


solution  Is  then  similar  to  that  given  In  ref.  |2  |  for  axial  compression.  For 
external  pressure  loading  the  general  equations  of  equilibrium  developed  In  reference 


reduce  to 


Figure  8.  Cylinder  Geometry  and  Coordinate  Syateai 


G  , 
xy  ,  -1  ^  V 


X  — ?  v  rr 


vhere  and  Ljg  ere  linear  differential  operators  defined  by 


L.  -  ^  ♦  d-y"'  ^  -/t '  ^  ) 


G  2^4 
+  JEZ  ^ 

B 


clx^^y^  ®x  ^y 


axid  Is  the  Inverse  operator  defined  by 


V’’  <4  ^  <V’’  *)  •  * 


EXTERNAL  RADIAL  PRESSURE 


For  buckling  under  uniform  external  radial  pressure  equation  (Al)  becomes,  since 
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Buckling  of  Long  Orthotropic  Cylinders. 

The  critical  pressure  can  be  determined  by  taking  the  ratio  of  axial  half -ware 

langth  to  circumferential  half-wave  length  as  much  greater  than  unity  and  mini- 

,  _  2  2 

mlalng  with  respect  to  (^  |)  .  Prom  equation  (a6)  if  (x'  g)  i  we  have 


p  7^ 

„  2  y  1 

Ky  -  m  (X  +  -{  - - 5 

*  —2  n« 


(AT) 


Differentiating  with  respect  to  (X*  gives 


aK. 


Since  the  second  derivative  of  with  respect  to  (x'  i«  obviously  positive^ 

setting  equation  (a8)  equal  to  zero  gives  a  minimum  of  for  given  values  m^. 

Setting  equation  (A8)  equal  to  zero  gives 


Substituting  the  above  value  of  (X*  into  equation  (AT)  gives 


Ky  -  i  m  M~^ 


(A8) 


from  which  a  -  1  gives  the  minimum  value  of  K 


K  -  0.558  \j~r 


(A9) 
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The  critical  load  la  found  from 


N  -  (0.558)  -5 - - Z  -  143:  Jl-yM  h 

y  t2/t_  i/i  yC<  \  y  t2  (1-><i..  a.)  r  \  /  x'  y'D  ' 


»v  -  (1 


S/I*  I/U 


y  Per  “77175 


•) 


(AlO) 


EXTERNAL  HYDROSTATIC  PRESSURE 


For  buckling  under  external  hydroatatlc  pressure,  equation  (Al)  becomes 


(AU) 


Using  the  displacement  function 


mjtx  .  niry 
w  ■  V  sin  —7—  sin  -r^ 
o  L  b 


29. 


Equation  (All)  becoae*  (cnda  aioply  supported) 


hydrostatic  pressure  reduces  to  the  solution  for  a  long  cylinder  under  radial  pressure  and  equations  (A9)  and  (AlO)  will 
o 

•  apply. 


'Iff 

g 


*r 

j(i .  A) 

« 

yx  (1  -yx)(x  ■* 

M^)  (1  +^g) 

(1  v^l 

(B3)* 


TL 


[/<,  *l‘r  ^  ] 


(1-X) 


(B^) 


(B5) 


When  the  f  Ibere  ere  oriented  In  the  hoop  direction,  Biuations  (Bl)  throned 
(B5)  take  on  the  foUoving  notation 


*.  ** 


h.S 

*«  *• 


^n,-* 


(b6) 


Tor  f  ibera  oriented  In  the  longitudinal  direction 


(w) 
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